INTRODUCTION
Sequence analyses of higher eukaryotic chromosomal origin regions have typically failed to identify simple consensus sequences analogous to those involved in site-specific initiation in prokaryotes, the yeast Saccharomyces cerevisiae and mammalian viruses (for reviews, see [1] [2] [3] [4] [5] . Consequently, we and others have proposed that initiation of replication in higher eukaryotic chromosomes occurs within initiation zones that are more complex than previously envisaged (1, 3, (6) (7) (8) . To gain further insight into the genetic and structural determinants for initiation of DNA replication in eukaryotic chromosomes, we devised an algorithm to identify putative initiation zones in eukaryotic DNA sequences based on the hypothesis that clusters of redundant modular sequence elements may provide origin function when arrayed in a proper context (9) . To begin to characterize elements that may determine the localization of initiation events in eukaryotic chromosomal origins of replication, we have focused on the origin region of the well-characterized rRNA genes (rDNA) in the ciliated protozoan, Tetrahymena thermophila.
In Tetrahymena, the rDNA exists as a single chromosomal copy in the germline micronucleus and as highly amplified, autonomously replicating molecules in the somatic macronucleus (reviewed in [10] [11] [12] [13] [14] . The amplified macronuclear rDNA consists of linear 21 kb palindromes in which a central non-transcribed spacer region (NTS) separates two divergently transcribed 35S pre-rRNA coding regions (Fig. 1 ). Physical mapping, genetic analyses and functional studies exploiting macronuclear transformation have demonstrated that sequences in the 5'NTS are involved in regulation of macronuclear rDNA replication (reviewed in 10, 13, 14) . During vegetative growth, the macronuclear rDNA is replicated bidirectionally from an origin of replication in the 5'NTS. The vegetative origin has been mapped by electron microscopy to a region -650 ± 300 bp from the center of the palindrome (15) . Several specific mutations that affect rDNA replication and/or maintenance in the macronucleus have been mapped to the 5'NTS (16, 17 ; G. Kapler, R. Gallagher and E. Blackburn, personal communication; W.-L. Shaiu and D. L. Dobbs unpublished data). Moreover, DNA fragments encompassing the 5'NTS promote autonomous replication of plasmids in the macronucleus (18) (19) (20) and plasmids containing multiple copies of the origin region have a replication advantage over those with fewer copies (18, 20) . Transformation experiments using partial deletions of the rDNA suggest that the minimal sequences required for rDNA replication/maintenance in the macronucleus include a large portion of the 5'NTS (P. Blomberg and M.-C. Yao, personal communication). Finally, two dimensional gel electrophoretic analyses are consistent with a * To whom correspondence should be addressed (16) . Putative replication origin(s) arc indicated (15, 85) . Shaded bars indicate nuclease hypersensitive regions in chromatin (86) . I, II and in refer to Type I, II and IH repeated sequence elements conserved among several ciliate species (87, 88 To begin to characterize features of this initiation zone that may contribute to origin function, we identified specific DNA sequences and structural elements within the Tetrahymena rDNA that were shared with five other mapped eukaryotic chromosomal replication origin regions (9) . Computer analyses revealed that all six origin regions contain modular sequence elements, including predicted DNA unwinding elements (DUEs), bent DNA, nuclear matrix or scaffold-associated regions (MARs/SARs), pyrimidine tracts, yeast autonomously replicating sequences (ARSs) and transcriptional regulatory sequences (1, 9) . DUEs are inherently unstable duplex DNA segments associated with origins of replication (21) . Mutations that raise the helical stability of DUEs reduce or eliminate origin function in Escherichia coli (21) , S V40 (22) and yeast (23) (24) (25) . Bent DNA sequences, short DNA segments that display local curvature of the double helical axis, are a conserved feature of prokaryotic replication origins (26) and have been identified within several eukaryotic origin regions (e.g., 27-31). Stably bent DNA structures are usually associated with dA tracts (2-6 bases) that occur with a 10-11 bp periodicity (32) . MARs and SARs are sites at which looped domains of eukaryotic chromosomal DNA are attached to the nuclear matrix or scaffold. Several studies have provided evidence for close proximity of origin regions to MARs/SARs (reviewed in [33] [34] [35] . Pyrimidine tracts, which have been shown to be preferred start sites for DNA polymerase-primase (36, 37) , ARS consensus sequences (38) and a variety of transcription factor binding sites are also found in association with eukaryotic replication origin regions (1, 8, 27, 39, 40) .
The computer analyses of Tetrahymena rDNA identified clusters of modular sequence elements in the S'NTS region of the rDNA, coincident with the previously mapped origin of replication, and in the S'NTS (9) . In this study, predicted DUE-like elements, intrinsically bent DNA segments, and nuclear matrixassociated DNA fragments in the origin region were experimentally verified. The demonstration that these modular structural elements are found in the origin region, but are lacking in the coding region of the rDNA, suggests that they may play a determinative role in initiation of DNA replication.
MATERIALS AND METHODS

Computer analyses of Tetrahymena rDNA sequences
The complete sequence of Tetrahymena rDNA (strain B) from the GenBank/EMBL database [accession number X54512; (see 41) ] was analyzed previously (9) . Briefly, putative DUEs were identified using the program Oligo 4.0 (National Biosciences, Wolfgang Rychlik, 1992) which calculates duplex stability based on nearest neighbor dinucleotide free energy values (42) . A modified version of the program (provided by Dr Rychlik) was used to transfer output to Microsoft Excel for graphic display. The window size for helical stability analyses was 100 bp; each plotted data point corresponds to the free energy (AG in kcal/mol) required to unwind a helical segment consisting of the 100 bp immediately downstream. DUE-like elements predicted using the Oligo 4.0 program were identical to those identified using the Thermodyn program provided by Kowalski and colleagues (43) . A major DUE-like element was defined as >200 contiguous nucleotides with an average AG at least 15 kca]/mol less negative than the mean for the sequence analyzed. A minor DUE-like element was defined as a region with an average AG at least 10 kcal/mol less negative than the mean.
Putative bent DNA segments were identified using ENDS ratio plots generated by the GentlBen program provided by Dr J. N. Anderson (44) . The ENDS ratio is a measure of DNA bending calculated as the ratio of the contour length of a given axis to the shortest distance between its ends (45) . A window size of 120 bp and step size of 10 bp were used.
Consensus sequences were localized using the Genetics Computer Group (GCG) Sequence Analysis Software Package (46) . The program Findpattems was used to identify the following sequence elements: Drosophila melanogaster SAR consensus sequences, AATAAAYAAA, TTWTWTTWTT, WA-DAWAYAWW, TWWTDTTWWW (47, 48) ; murine MAR consensus sequence AATATTTTT (49): S.cerevisiae ARS consensus sequence, WTTTAYRTTTW (38) ; and pyrimidine tracts (Y )2 ) (36, 37, 50) . In these sequences, Y = C or T, W = A or T, D = A, C or T, and R = A or G.
Plasmids
Plasmids containing the replication origin region of macronuclear rDNA from T.thermophila were constructed. The 1.9 kb Taq\ restriction fragment encompassing the entire S'NTS (see Fig. 1 ) was cloned into the Acc\ site of pUC119 to generate plasmid pUC.S'NTS (see Fig. 4A ). A HindlU-Kpnl restriction fragment containing the insert was subsequently transferred into the plasmid pBluescriptll SK (Stratagene) to generate the plasmid pSK.5'NTS (see Fig. 5 A) . Plasmid prD4-l, containing a tandem duplication of the 5'NTS region and one complete copy of the rRNA coding region and S'NTS cloned into pBR322 (51), was provided by E. Blackburn. Supercoiled plasmid DNAs were prepared by alkaline lysis and purified on CsCl-EtBr gradients (52) .
Mapping of mung bean nucleasc-hypersensitive sites
Mung bean nuclease hypersensitivity assays were performed essentially as described (21.23) . Supercoiled plasmids (4 (ig) were incubated at 37°C in 32 ^1 of 10 mM Tris-HCl, pH 7.0, 1 mM EDTA. Mung bean nuclease (3 U, Boehringer Mannheim) was added and 1 \ig samples were removed at 0, 10, 20 and 30 min. The cleaved circular DNA samples were pooled, purified by phenol-chloroform extraction and ethanol precipitation, digested with Hindlll, EcoKl or Seal, and 5' end-labeled with 32 P using T4 polynucleotide kinase (52) . Unincorporated label was removed using G-25 columns and samples were denatured with glyoxal before electrophoresis in 1.0% agarose gels in 10 mM Na 2 HPO4/NaH2PO4 buffer, pH 7.0. After electrophoresis, gels were dried and exposed to XAR-5 film or phosphor screens for analysis using a Molecular Dynamics Phosphorlmager. The sites of mung bean cleavage were established by determining the distance from the labeled end to the nick in a given fragment as previously described (23) .
Electrophoretic analysis of bent DNA segments
To localize stably bent DNA segment(s) in the S'NTS of the rDNA, three sub-fragments of the S'NTS (corresponding to the Taql-Xbal, Xbal-Xbal and Xba\-Taq\ fragments shown in Fig.  1 ) were generated by digestion of plasmid pSK.5'NTS with Xbal (see Fig. 5A below) . The mobilities of the Xbal restriction fragments were compared after electrophoresis in 1.5% agarose gels at room temperature versus electrophoresis in 5% polyacrylamidegelsat4°C (53) .
To investigate whether the predicted strongly bent DNA segment located in the 430 bp Xbal-Xbal fragment could promote DNA bending in another sequence context, the fragment was subcloned from plasmid pUC.5'XX430 into the Xbal site of vector pBend2 (54) , kindly provided by Dr S. Adhya. The derivative plasmid, pBend.5'XX430, was sequenced through the polylinker and across one Xbal site to determine the orientation of the insert. pBend.5'XX430 contains two repeats of a multiple cloning region surrounding the insert, allowing generation of restriction fragments of uniform length that contain the predicted bent DNA segment at different positions relative to the ends of the fragment (see Fig. 6A below). After restriction digestion of pBend.5'XX430 with the indicated enzymes, the migration of the insert-containing fragments was compared on 1.2% agarose gels at room temperature versus 6% polyacrylamide gels at 4°C.
Assay of DNA binding to nuclear matrices
To identify regions of the rDNA that contain nuclear matrix binding sequences, nuclear matrices were prepared from isolated Tetrahymena macronuclei and incubated with rDNA restriction fragments in an in vitm binding assay based on that of Cockerill and Garrard (49) . 200 ml cultures of T.thermophila strain C3V cells were grown in 2% PPYS medium [2% proteose peptone, 0.2% yeast extract, 0.03% Sequestrene (Ciba-Geigy)] to a density of 2.5 x 10 5 cells/ml at 30°C. Cells were collected by centrifugation and washed once in 10 mM Tris-HCl, pH 7.5. Tetrahymena macronuclei were isolated in a sucrose gradient according to the procedures of Higashinakagawa et al. (55) , and nuclear matrix isolation was performed essentially according to Dijkwel et al. (56) . Briefly, Tetrahymena cell pellets were resuspended in 0.2 M sucrose/0.25 mM MgCl2, and lysed with 0.2% NP-40. Macronuclei were pelleted onto a 2.1 M sucrose cushion in a Beckman Ti 70.1 rotor at 40 000 g for 2 h. Macronuclear pellets were washed with cell washing buffer [10 mM Tris-HCl, pH 7.4, 20 mM KC1, 0.05 mM spermine, 0.125 mM spermidine, 1% thiodiglycol, 0.5 mM phenylmethylsulfonyl fluoride (PMSF)], and resuspended in the same buffer at 100 A260 U/ml. After the addition of CuSO 4 to 1 mM, 100 \i\ aliquots were incubated for 20 min at 37°C. Nine ml of lithium diiodosalicylate (LIS) extraction buffer [10 mM LIS (Sigma), 100 mM LiOAc, 20 mM Hepes-NaOH, pH 7.4,0.1 % digitonin, 1 mM EDTA] was added slowly and samples were incubated for 10 min at room temperature. The histone-depleted macronuclear matrices were pelleted and washed four times with matrix washing buffer (cell washing buffer, but with 25 mM Tris-HCl, pH 7.4,70 mM NaCl, 0.1% Digitonin) followed by a final wash with restriction digestion buffer (10 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 50 mM NaCl, 1 mM DTT). Matrices were resuspended in restriction buffer and incubated with 1000 U each of Dral and Haelll overnight at 37°C. Reactions were stopped by addition of 10 mM EDTA.
For in vitm binding assays, 50 ng of 32 P-labeled restriction fragments of plasmid prD4-1 and 6 (ig of sonicated calf thymus DNA were incubated with aliquots of the digested nuclear matrices for 3 h at room temperature with gentle agitation. An equal volume of ice-cold matrix washing buffer was added and the reaction mixtures were centrifuged at 8000 g for 10 min at 4°C. The pellets contained plasmid fragments that remained attached to the nuclear matrix. The pellets were washed once with the same buffer and resuspended in 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.1% SDS and digested with 200 mg/ml proteinase K for 4 h at 50°C. DNA samples were recovered by phenol extraction and ethanol precipitation, and loaded on 0.8% agarose gels. Gels was dried, exposed to phosphor screens and analyzed using a Molecular Dynamics Phosphorlmager.
RESULTS
Common modular sequence elements in Tetrahymena rDNA
The macronuclear rDNA sequence from T.thermophila was analyzed for modular sequence elements shared with chromosomal origins of replication in other eukaryotes (9) . Two large clusters of elements were identified, one in the S'NTS, in the region containing the previously mapped origin of replication (see Fig. 1 ), and another in the 3'KYS (Fig. 2) . DUE-like elements, regions of intrinsically bent DNA, SAR consensus sequences, pyrimidine tracts and ARS consensus sequences were aligned within these regions. In contrast, no predicted DUE-like elements or bent DNA, and relatively few consensus sequences were identified in the transcribed region (Fig. 2) . Three structural elements that may contribute to origin function-putative DUEs, bent DNA and matrix attachment sequences-were identified by the computer analyses. The predicted distributions of these structural elements in the S'NTS and the adjoining 2 kb coding region are shown in Figure 3 ; in this study the presence of these elements in the rDNA origin region was verified experimentally.
The S'NTS has an overall AT content of -80% (Fig. 3B ). Although AT-rich regions are often found in association with replication origins and would be expected to facilitate unwinding of duplex DNA, the free energy required for DNA unwinding does not strictly correlate with AT-richness. Instead, it is dependent on the frequencies of nearest-neighbor dinucleotide sequences (42) . Work of Kowalski and colleagues has shown that the propensity for a duplex DNA segment to unwind can be predicted using algorithms that calculate the free energy difference between the duplex and single-stranded states for that segment, and that easily unwound regions predicted by such thermodynamic analyses can be validated by monitoring their hypersensitivity to single strand-specific nucleases (23, 43) . Previously, we used the Oligo 4.0 program to analyze the helical stability of sequences in the rDNA and localize DUE-like elements (Fig. 3C) . One predicted major DUE extends from position 1 to 1300 within the 5'NTS, encompassing a total of 2600 bp in the center of the palindromic rDNA molecule. The predicted locations of intrinsically bent regions in the 5'NTS are shown in Figure 3D . Two of these with ENDS ratios > 1.4, and two with ENDS ratios S1.3 are located within the major DUE-like element. Finally, the distribution of SAR/MAR consensus sequences (33,47^9) is shown in Figure 3E . These sequences are much more abundant in the 5'NTS than in the adjacent transcribed region: one broad cluster coincides with the DUE-like element, and a smaller cluster is located in the promoter region immediately upstream from the transcription start site.
Identification of a DUE-like element in the 5'NTS: mapping of mung bean nuclease-hypersensitive sites
DNA sequences that promote unwinding of duplex DNA molecules can be detected as sites that are hypersensitive to single strand-specific nucleases in negatively supercoiled plasmid DNA (21, 23) . To corroborate the DUE-like element predicted by thermodynamic analysis of the rDNA replication origin region, we mapped mung bean nuclease-hypersensitive sites in pUC.5'NTS, a plasmid containing a 1.9 kb Taq\-Taq\ restriction fragment corresponding to the 5'NTS of the rDNA (Fig. 4A) . Supercoiled pUC.S'NTS DNA was incubated with mung bean nuclease and subsequently linearized with the indicated restriction enzymes. The products were 32 P-labeled, denatured in glyoxal and separated by agarose gel electrophoresis. As shown in Figure 4B , each restriction enzyme digestion produced five labeled bands: a 5.1 kb fragment corresponding to unit length DNA (i.e. not cleaved by mung bean nuclease) and two pairs of smaller bands that provide a measure of the distance from the restriction enzyme sites to the predominant mung bean nuclease cleavage sites (thick arrows in Fig. 4A ). The size of the restriction fragments in each band was estimated from the migration position of the center of each band. It should be emphasized the bands are broad, suggesting that each band corresponds to a population of fragments of similar size that presumably result from nicking within -100 bp regions by mung bean nuclease. The pairs of bands, 1.1 and 4.0 kb from the EcoRl digest, 2.5 and 2.6 kb from the Seal digest, and 0.9 and 4.2 kb from the Hindlll digest, taken together, unambiguously assign one nuclease hypersensitive site to the 5'NTS at a location 0.9 kb downstream from the HindlU site (Fig. 4 A, right arrow) . Similarly, the remaining pairs of bands, 1.6 and 3.5 kb from EcoRl, 2.1 and 3.0 from Seal, and 0.4 and 4.7 kb from HindlU, map another nuclease-hypersensitive site to the 5'NTS at a location 0.4 kb downstream from the Hindlll site (Fig.  4A, left arrow) . These two sites (indicated by black bars in Fig.  3C ) correspond precisely with the energy minima within the broad DUE predicted by thermodynamic analyses. No other major nuclease hypersensitive sites were observed, either in rDNA or vector sequences.
Localization of intrinsically bent DNA segments in the rDNA origin region
Sequence-directed DNA curvature (bent DNA segments) can be localized by comparing the electrophoretic mobilities of DNA fragments in agarose versus polyacrylamide gels (53) . In polyacrylamide gels, fragments containing bent DNA segments migrate with higher apparent molecular weights than expected; these anomalous migrations are not observed in agarose gels where each fragment migrates as predicted from its molecular weight. Restriction fragments encompassing the entire 5'NTS of Tetrahymena rDNA have previously been shown to exhibit anomalous migration in polyacrylamide gels, suggesting one or more bent DNA segments in the 5'NTS (57, 58) . In contrast, various restriction fragments of the rDNA coding region do not exhibit anomalous migration in polyacrylamide gels (data not shown). The rDNA replication origin region was surveyed for stably bent DNA by examining the electrophoretic behavior of restriction fragments of the S'NTS on 5% polyacrylamide gels (Fig. 5) . Cleavage of the plasmid pSK.S'NTS with Xbal is expected to generate one large vector DNA fragment (2.9 kb) and three fragments of 0.67, 043 and 0.82 kb, corresponding to the Taql-Xbal, Xbal-Xbal and Xbal-Taql segments of the S'NTS (Figs 1 and 5A ). As shown in Figure 5B , a band migrating at 2.9 kb was observed for the vector DNA (fragment A), but all three remaining bands-B, C and D-migrated anomalously, with apparent molecular weights of 2.3, 1.9 and 0.5 kb, respectively. To assign these bands to the appropnate fragments of the S'NTS, each band was excised from the polyacrylamide gel and re-analyzed by electrophoresis in a 1.5% agarose gel (Fig. 5C ), along with a control sample of the Xfcal-digested plasmid. In the agarose gel, each of the three bands migrated as expected (B = 0.8 kb, C = 0.7 kb, D = 0.4 kb). These results indicate that all three restriction fragments of the S'NTS contain segments of bent DNA, in agreement with computer predictions based on ENDS ratio calculations (Fig. 3D) . The central Xbal-Xbal fragment, which coincides with the origin mapped by electron microscopy, contains several segments with high ENDS ratios, yet exhibited only a slight migration anomaly in the polyacrylamide gel shown in Figure 5B . Therefore, we analyzed this region in more detail by testing whether it could promote DNA bending in another sequence context. The Xbal-Xbal fragment was subcloned into plasmid pBend2, which contains a set of circularly-permuted cloning sites (54) . Digestion of the derivative plasmid, pBend.5'XX430 with six different restriction enzymes generated a set of fragments of uniform length, but containing the predicted bent DNA segments at different positions relative to the fragment ends (Fig. 6A) . Fragments containing more centrally located bent segments are more retarded in polyacrylamide gels than those with bent segments near their ends (54) . As shown in Figure 6B , all fragments migrated to the same position on a 1.2% agarose gel (right panel); in contrast, they formed a ladder of anomalously migrating bands on a 6% polyacrylamide gel (left panel), confirming that the Xbal-Xbal fragment contains bent DNA. The fragment generated by BamHl digestion (lane 1) exhibited the greatest retardation, indicating that the bent segment predicted by the ENDS ratio of 1.3 (Fig. 6A , solid diamond) has less effect on the migration of the fragment in polyacrylamide gels than the two closely-spaced bent DNA segments with lower ENDS ratios of -1.2 (Fig. 6A, open diamonds) .
Identification of a nuclear matrix-binding region within the S'NTS
To test whether the S'NTS and S'NTS regions of the rDNA contain sequences that bind nuclear matrices (MARs), we carried out in vitro binding assays as described by Cockerill and Garrard (49) . Mixtures of 32 P-labeled rDNA restriction fragments were incubated with Tetrahymena nuclear matrices in the presence of unlabeled non-specific competitor DNA (see Materials and Methods). After centrifugation and washing, matrix-associated fragments were purified, separated by agarose gel electrophoresis, and visualized by autoradiography. By definition, specific fragments preferentially retained by nuclear matrices after competition contain an 'in vitro MAR' (49) . In the experiments shown in Figure   \ 7, plasmid prD4-l, which contains a tandem duplication of the S'NTS and a single copy of the rRNA coding and S'NTS regions (51), was digested with different combinations of restriction enzymes. Digestion with HinfflR (Fig. 7B) yielded a 4.4 kb fragment (band a) that contains both copies of the S'NTS and associated strongly with the isolated nuclear matrices (59% bound). The coding region and S'NTS were cleaved into several fragments. The coding region fragments (bands c, d, e and h) and one of the S'NTS fragments (band g) did not associate with the nuclear matrices (<16% of each fragment bound), whereas the other 3TMTS fragment was associated (band f; 62% bound). In the experiment shown in Figure 7C , prD4-l was multiply digested with Nhe\, BamHl EcoRl and Xhol. Both 51MTS fragments (bands c' and d') bound isolated nuclear matrices very strongly (>98% bound), but the coding region fragments did not (e.g., band a', 22% bound). The upstream portion of the 3'NTS (band e'), which Identification of matnx-associated restriction fragments of prD4-l in an in vitro binding assay Nuclear matrices prepared from Tctrahymena cells (see Materials and Methods) were incubated with 32 P-labeled input DNA fragments derived from prD4-l DNA fragments that bound to isolated matrices were compared with input DNA fragments on 0 8% agarose gels Input DNA fragments (I) were prepared from restriction enzyme digestion with HindUl alone (B) or with a combination of Nhel, Xhol, EcoRl and BamVtt (C) M indicates the lanes containing matrix bound restriction fragments Deduced restriction fragment sizes are indicated on the left Letters on the right indicate corresponding fragments in the diagrams in (A) above overlaps band g (see Fig. 7 A) , did not associate strongly with nuclear matrices, whereas band b', which overlaps band f, did (71% bound). This is consistent with the presence of a matrix attachment region in the downstream portion of the 3'NTS.
DISCUSSION
Both physical mapping and functional studies have localized an origin of DNA replication within the 5' non-transcribed spacer region of the palindromic macronuclear rDNA of T.thermophila (see Introduction). We have begun to characterize modular structural elements within the origin region that could influence the localization of initiation events. Computer analyses of the rDNA sequence had shown that the origin region contains a large putative DUE-like element, coincident with predicted bent DNA segments, and clusters of MAR/SAR consensus sequences (9) . In this study, these three predicted structural features were verified A region of helical instability coincides with the rDNA replication origin region DNA unwinding in replication origin regions is a prerequisite for initiation of DNA synthesis. DUEs are associated with origins of replication in E.coli, SV40 and S.cerevisiae, and are thought to contribute to origin function by facilitating the initial unwinding events (21) (22) (23) (24) (25) . In yeast replication origins, DUEs are found in the 3' flanking region adjacent to the ARS consensus sequence (59) and have been shown to be genetic determinants of origin activity. Mutations in DUEs that stabilize the DNA helix diminish or eliminate ARS function on plasmids (24, 43) and deletions in the DUE associated with the ORI305 on chromosome III can abolish its activity (25) . Dissimilar DNA sequences can be substituted for wild-type sequences in DUEs, provided that they are also easily unwound. These results support the idea that specific structural elements, in addition to specific sequences such as the ARS consensus sequence, may be essential components of eukaryotic chromosomal origins (25) .
Thermodynamic analyses of the Tetrahymena rDNA sequence identified an usually broad region of intrinsic helical instability element in the 5'NTS. It spans the palindromic center of the rDNA molecule, encompassing a 2600 bp region with an overall mean AG for unwinding of 168 kcal/mol, compared to a mean of 184 kcal/mol for the entire rDNA sequence (9) . This is the most extensive region of helical instability identified in a survey of eukaryotic DNA sequences that included rRNA genes and NTS regions from yeast, human and Xenopus (D L. Dobbs and R. M. Benbow, unpublished observations). The significance of this finding is not yet clear, but it cannot be explained simply on the basis of the AT-nchness of the Tetrahymena 5'NTS, since no similarly broad predicted DUEs were identified in examination of >10 randomized versions of the sequence, in which the A+T content was identical to that of the native sequence (D. L Dobbs and R M. Benbow, unpublished observations). In this study, we demonstrated that two sites within the major predicted DUE in the rDNA origin region are hypersensitive to mung bean nuclease in supercoiled plasmid DNA. Each site corresponds to a small region of perhaps 100 bp within the 5'NTS that is preferentially nicked and coincides with an energy minimum identified by thermodynamic analyses. Functional assays will be required to determine whether the two sites correspond to two independent DUEs or whether they represent two sites of preferred rucking within a much larger DUE-like element predicted by the thermodynamic analyses. In the rDNA repeats of yeast, an easily unwound region is required for replication origin function and exhibits hypersensitivity to mung bean nuclease nicking throughout a 100 bp region (24) . This region contains a geneticallydefined DUE that was predicted by thermodynamic analyses. The strong correlation between helical instability and replication efficiency of mutated ribosomal ARS derivatives in yeast (24) suggests that the easily unwound region in the 5'NTS of Tetrahymena rDNA may play a similar role in origin function.
A region containing several bent DNA segments coincides with the rDNA replication origin region Bent DNA sequences are associated with origins of replication in both prokaryotic and eukaryotic genomes, e.g., bacteriophage X (60), SV40 (61, 62) , yeast (29, 30) , the DHFR gene of CHO cells (27) , the human c-myc gene (63) and pea rDNA (31) . The role of bent DNA in replication is unclear. In yeast, a bent DNA element has been reported to enhance ARS1 function on plasmids (30), although it is not essential for function (64) . It has been suggested that bent DNA functions as a structural landmark for replication or transcription proteins (30, 65) or that it fosters the interaction of proteins bound at distal sites (66) .
Each of three non-overlapping restriction fragments derived from the Tetrahymena rDNA origin region exhibited anomalous migration in polyacrylamide gels characteristic of bent DNA, as predicted by computer analyses. In one case, however, the segment which appeared to contribute most to bending did not exhibit the highest ENDS ratio (see Fig. 6 ). It remains to be determined whether the bent segments characterized in this study play any direct or indirect role in rDNA origin function, e.g., by facilitating initiator protein interactions, or by facilitating the association of the origin region with the nuclear matrix (67) .
Association of the rDNA replication origin region with the nuclear matrix
Origins of chromosomal replication have long been proposed to be associated with the nuclear matrix (reviewed in [33] [34] [35] . Newly synthesized DNA is preferentially associated with the nuclear matrix (68, 69) and it is possible to enrich for replicative intermediates in DNA samples by isolation of the nuclear matrix (70) . Specific DNA sequences implicated in the attachment of chromatin to the nuclear matrix have been named matrix or scaffold attachment regions (MARs or SARs). MARs are very AT-rich sequences, -0.3-1 kb in length, that are preferentially bound and cleaved by DNA topoisomerase II (33) (34) (35) . No definitive consensus sequence for MARs has been identified, but several relatively short AT-rich consensus sequences shared by some MARs/SARs have been reported (e.g., [47] [48] [49] . MARs share several other sequence characteristics, such as (dA) and (dT) tracts, ATATAT boxes, bent DNA segments, a narrow minor groove, and inherent helical instability under superhelical stress (71-73, and references therein).
In this study, a MAR was identified in the rDNA origin region on the basis of its ability to bind Tetrahymena nuclear matrices in vitro. The presence of clusters of MAR/SAR consensus sequences, bent DNA and easily unwound regions in both the 5'NTS and S'NTS suggested that both might contain matrix binding regions. Matrix binding was exhibited by fragments containing the 5'NTS, either as a single copy or as a tandem duplication, and, to a somewhat lesser extent, by fragments derived from the S'NTS, but not by fragments derived from the rRNA coding region. It should be noted, however, that the presence of MAR/SAR consensus sequences or bent DNA does not always correlate with matrix attachment: e.g., a restriction fragment from the initiation region of the chick histone HI gene that strongly associates with the nuclear matrix lacks SAR and MAR consensus sequences (9) , and DNA bending is not essential for matrix binding (74, 75) . The results of the in vitro binding studies reported here are in agreement with the finding that restriction fragments from the rDNA origin region are more abundant in matrix-associated DNA than in loop domain DNA directly isolated from Tetrahymena macronuclei (76) . Since origin regions of Tetrahymena rDNA, Drosophila rDNA (77) and several other eukaryotic genes (78-80) contain nuclear matrix binding regions, it seems reasonable that matrix attachment may be an important component of origin structure.
The rDNA origin region in Tetrahymena is large and complex
Taken together, the analyses and experimental data in this and previous studies (reviewed in 14) lend credence to the view that the functional rDNA origin region in Tetrahymena is larger than replication origins of prokaryotes, eukaryotic viruses and yeast, and contains redundant functional elements. Published electron micrographs (15) and our own unpublished observations have shown only large replication bubbles. The easily unwound region in the 5'NTS spans >2.5 kb of the palindromic rDNA and encompasses multiple segments of intrinsically bent DNA and clusters of MAR/SAR consensus sequences, and ARS consensus sequences. In addition, four copies of a genetically-defined replication control element, the Type I repeat (16) , are located within the 5'NTS. Interestingly, one copy of the Type I repeat is also a required component of the rRNA gene promoter (81; R. Pearlman, personal communication), suggesting that transcriptional control sequences may play a role in Tetrahymena origin function as they do in eukaryotic viruses and yeast (reviewed in [82] [83] [84] . The identification of rmm (rDNA maturation or maintenance) mutations in two copies of the Type I repeat separated by >600 bp argues that cis-acting control sequences for rDNA replication encompass a rather broad region (16, 17 ; W. -L. Shaiu and D. L. Dobbs, unpublished data). The Type I repeat and immediately adjacent sequences are recognized by a sequence-specific single-stranded DNA binding protein (90, 91) that may play an important role in DNA replication (C. Du, Z. Hou and D. L. Dobbs, unpublished data). All of these findings are consistent with the results of recent deletion studies which suggest that a large portion of the 5'NTS region is required for replication and/or maintenance of the rDNA in the macronucleus (P. Blomberg and M. -C. Yao, personal communication). Since predicted DUE-like elements, regions of bent DNA and MARs are aligned in origin regions from diverse eukaryotes (1, 8, 9, 27, 92) , the properties of the Tetrahymena origin region determined in this study may be representative of eukaryotic origins in general.
